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Sect ion 1

INTRODUCTION

Near an interface between dissimilar materials

of a structure irradiated by x-rays or y-rays , the

local absorbed radiation dose in a material differs

from the equilibrium dose which occurs in a bulk

region of the material . The difference in dose is

produced through energy transport by the electron flux

driven in the materials by the photon radiation .

The nonequilibrium dose occurs in the neighborhood

of the interface , in the region bounded by the range

of the  most ene rge t i c  of these e l ec t rons .  For low

energy photons , in the spectral range of several key

to several hundred keV , the depth of the nonequilibrium

dose region is on the order to 1 to 100 u rn in a low-Z

(atomic number) material. For high energy p h o t o n s
in the spectral range of several MeV , the depth of the

n o n e q u i l i b r i u m  dose region is on t h e  o rder  of 0 .1  to
1 cm in a low-Z m a t e r i a l .  For t he  low energy  pho tons ,

t he  peak dose in a low-Z m a t e r i a l  near  a h i gh - Z

material interface can be as much as two orders of

m a g n i t u d e  g r e a t e r  t h a n  t h e  e q u i l i b r i u m  dose.  For t h e

high energy photons , the peak dose can be a factor

of two g r e a t e r  t h a n  t h e  e q u i l i b r i u m  dose.

This phenomenon , known as dose enhancement ,

i~ of  concern  in n u c l e a r  r a d i a t i o n  e f f e c t s  a n a ly s i s

and t e s t i n g .  I t  is of p a r t i c u l a r  concern in t r a n s i e n t
r a d i a t i o n  e f f e c t s  in e l e c t r o n i c s  (T RE ) and r a d i a t i o n

(3
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e f f e c t s  in cables (cable SGEMP). Over the past several

yea rs we have been involved in research to ob ta in  an
u n d e r s t a n d i n g  of the  dose enhancement  phenomenon

and to develop methods f o r  the  p r e d i c t i o n  of dose

e n h a n c e m e n t .  The main  ob j ec t ives  of t h i s  research H
program have been three :

(1) develop a r igorous  model fo r  the  ca lcu—
l a t i o n  of dose enhancement ,

(2) characterize the dose enhancement at
l o w — Z / h i g h -Z i n t e r f a c e s  over a broad
range of photon energies , and

( 3 )  support  t he  deve lopment  of a user ’ s
guide  to p rov ide  t h e  r a d i a t i o n  e f f e c t s
a n a l y s t  w i t h  the  means  to pred ic t  dose
enhancement  for  a r b i t r a r y  m a t e r i a l
c o n f i g u r a t i o n  and a r b i t r a r y  x—ray
or y-ray spectrum .

The first obj ec t ive  was met t h rough  the  deve lopment ,

documentation , and release of the POEM Monte Carlo

computer code for the calculation of dose enhancement. 1

The second objective was met through the compilation

and publication of the x-ray dose enhancement handbook.2

The third objective is met through the publication of

t h i s  report .

In t h i s  report  we provide three  types  of

input  to the  User ’ s Guide to Dose Enhancement :

(1) D e f i n i t i o n  of dose enhancement .  We
address the  q u e s t i o n s :  \Vhy does
dose enhancement  occur? Under  what
con d i t i o n s  does it occur? What is
the order of magnitude of the effect?

W. L. Chadsey , “POEM , ” AFC RL Report  TR-75-3034 (1975) .
2 w~ L. Chadsey , J . C. Ga r th , R .  L .  Sheppard , and
R. Murphy , “X-Ray Dose Enhancement ,” RADC Report
TR-76-159 (1976).
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( 2 )  Desc r ip t ion  of the analysis techniques
available to the prediction of dose
enhancement. The techniques discussed
include a p resc r ip t ion  for  o b t a i n i n g
an upper bound on the e f f e c t , a semi—
empirical  method for  es t imat ing  the
e f f e c t , an d Mo n te  Carlo computer codes
for  c a l c u l a t i n g  the  e f f e c t . This descrip-
tion includes discussion of the limita-
t i ons  of the  va r ious  t echn iques  and the
r e l a t i v e  advantages  and d i sadvan tages
of each .

(3 )  Fur ther  cha rac te r i za t ion  of the  dose
enhancement  near h ig h - Z/ l ow-Z i n t e r f a c e s .
( a )  The p rev ious ly  pub l i shed  report ,
“X—Ray Dose T nhancement , ” 2  p rovided
desc r i p t i o n  of the dose enhancement  in
si l icon near  gold and in po lye thy lene
near gold for  monochromatic x- ray
sources i n the range 10 keV to 2 MeV .
He re in  we describe the  dose enhancement
in s i l i con  near gold fo r  con t inuous
x — r a y  spect ra , in p a r t i c u l a r , f o r
f i l t e r e d , b lack body x — r a y  spectra ,
w i t h  t empera tures  rang ing f r o m 2 keV
t h rough 15 keV . ( b )  The c a l c u l a t i o n s
of dose enhancemen t  pub l i shed  in t he
p rev ious  repor t  were fo r  “ t h i c k ”  gold
lay e rs . i . e .  t h i c k e r  t h a n  the  maximum
el e c t r o n  r a n g e .  Here in  we report
c a l c u l a t i o ns  fo r t h i n  gold l aye r s .
( c )  The dose enhancemen t  is ca lcu la t ed
fo r sev ’~’ra 1 a d d i t i o nal  i n t e r f a c e  conf igu-
r a t i o n s . i n c l u d i n g  a l u m i n u m/ p o l y e t h y l e n e ,
copper p o l y e t hy l e n e , and s ilv e r/
p o l y e t h y l en e , w h i c h  when combined w i t h
the nr e v i o us l y  repor ted  r e s u l t s  fo r
~o l c !/ p o I y e t h v1e ;ie  p rov i de  a good descrip-
t i o n of dose enhancemen t  in  a l ow—Z
m a t e r i a l  as f u n c t i o n  of t h e  a tomic
nu m bo r  of  t h e  i n t e r f a c i n~ h i g h — Z
m a t e r i a l  .
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Sect ion 2

• PREDICTION OF DOSE ENHANCEMENT

2.1 DEFINITION

Dose is defined as the energy imparted to

matter per unit mass of matter . X—rays and - —r ays

impar t  ener gy to m a t t e r  pr imar ily through  ener gy
transfer to swift electrons — photoelectrons , Au ger
e lec t rons , Comp t on e lec t rons , and electron/positron

pairs — which then impart energy through collisions.

In a re gion of a homogeneous ma te r ial f a r t h e r  f r o m
any bound ary t h a n  t h e  range of t he  most pene t r a t in g
of these  e l e c t r o n s , electron equilibrium occurs:

the  ene rgy t r a n s p o r t e d  in t o  a reg ion by e lec t rons  is
equal  in the  mean to the ener gy t r a n s por ted  out by
the electrons. In this case the dose is equal to

the energy per unit mass locally removed from the photon

rad iation field — the kerma or equilibrium dose.

Given the description of’ the photon fluence and spectrum .

pred iction of the equilibrium dose is straightforward

using readily available tabulations or formulations of

the photon energy absorbtion coefficient.
3

Ne ar an i n t e r f a c e  between d iss im i l a r  ma t er ial s ,

or near a vacuum interface , e lec t ron  equ i l ibr i um f ai ls

• bepause of the differences in the electron production

For example , E. Storm and TI . I. Israel . “Photon Cross
Sect ions from 0.001 to 100 MeV for Elements 1 through
100 , ” LASL Report LA- 3753 (1967).

9

-

~ 

~~~ -z 
— —

e
--i- --~~ —— -



~~~~

fl - 
— — - —  

— — -r — r~~~~~~~- -  —_ _ _ _ _ _- ~~ s~~- ~~~~-

F — -. •~~ ~—~---~. .:... - 
~~~~~~~~~

and electron transport properties of the adjacent media:

the energy transported into a local region by electrons

is not equal to the energy transported out ; thus the

local dose differs from the equilibrium dose. The

region of electron disequilibrium near an interface

is known as the transition zone. The prediction

of’ the dose within the transition zone requires treat-

ment of’ the local electron transport . In the following

paragraphs we discuss techniques for predicting the

transition zone dose.

2.2 PROBLEM IDENTIFICATION - WORST CASE ESTIMATION

Dose enhancement occurs in the region adjacent

to a material interface bounded by the range of the

most energetic of the electrons liberated by the

photon flux . The maximum electron energy is bounded

by the maximum photon energy ; the width of’ the transi-’

tion zone is therefore bounded by the range of an electron

with kinetic energy equal to the maximum photon energy .

(For reference , electron range versus energy is shown

in Figure 1 for silicon.) If one is concerned with the

effects of radiation dose , or with the measurement of

radiation dose , in a region which lies within a transi-

tion zone , as thus defined , the dose enhancement effect

must be considered.

Dose enhancement arises through the failure

of electron equilibrium near an interface. Equilibrium

fails through two effects: electron emission across

the interface and electron reflection at the interface.

Electron emission across the interface uroduces

dose enhancement if the electron emission yield of

one material differs from that of the ad,jacent material.

10
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FIGURE 1. Electron Range in Silicon .
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Electron reflection at the interface produces dose

enhancement if the electron reflection coefficient of

one material differs from chat of the adjacent material .

Since both the electron emission yield and the electron

reflection coefficient are functions of material atomic

number , dose enhancement  is expected if the  adj acent
materials at an interface differ in characte~ istic

atomic number .

Having defined the conditions under which

dose enhancement occurs and determined an upper bound

on the width of the transition zone in which dose

enhancement occurs , we now determine the upper bound

on the magnitude of the dose enhancement . We consider

each of the two effects producing dose enhancement :

electron emission and electron reflection .

Electron emission at a mate r ia l  interface
produces strong dose enhancement if the electron

emission yields of the interfacing materials differ

strongly. Strong differences in electron yield occur

at photon energies for which the photon interaction

cross section is dominated by the photoelectric

process. For mid—Z to high-Z materials this

occurs for photon energies less then several hundred

keV . (A thorough compendium of’ electrom emission

yields appears in Reference 4.) The higher atomic

number mater ia l  produces the higher  e lectron emission
yield at these photon energies; thus at a high-Z/low-Z

interface some of the energy imparted to s w i f t  e lectrons
in the high—Z material is transported into the low—Z

‘4 W. L. Chadsey and C. W. Wilson , “X—Ray Photoemission , ”
HDL Report CR— 75— 138— 1 (1975) .
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material producing dose enhancement in the low-Z

material. The electron transport across the interface

is thus an averaging process , i.e. the energy deposition

is reduced in the high—Z material and increased in

the low-Z material . A maximum upper bound estimate

for the dose enhancement in the low—Z material (the

ratio of the transition zone dose to the equilibrium

dose) is therefore the rat io of the equilibrium

dose in the high-Z material to the equilibrium dose

in the low—Z m a t e r i a l .

At higher  photon energies , greater  than
several hundred keV in mid to h igh—Z mater ia l s ,
the photon interaction cross section is dominated by
Compton electron production so that  d i ff e r e n c e s  in
electron emission yields between different atomic
number mater ia l s  are small. Electron emission across

a material interface produces little dose enhancement ;

the ratio of equilibrium doses between interfacing

materials is near unity. Nevertheless , significant

dose enhancement can occur at these photon energies

due to the electron reflection at the interface. At

a h i g h - Z / l o w — Z  mate r i a l  interface the high-Z material
has a higher reflection coefficient than the low-Z

material , such that electrons are preferentially

backscattered into the low—Z material producing dose

enhancement in the low—Z material. At these photon

energies the electron flux is strongly directed in

the direction of the photon flux ; since the dose

enhancement occurs through backsca t te r  f rom the high-Z
material , the enhancement occurs only when the photon

f l u x  is inc iden t  on the  i n t e r f a c e  through  t h e  low— Z
material. (When the photon flux is incident through

13 
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the h i g h — Z  mater ia l , a small reduct ion  in dose occurs
in the transition zone of the low-Z material.)

Determination of an upper bound electron

reflection-produced dose enhancement is straightforward.

The worst case would be obtained for the conditions :

photon f lux  is incident  on the i n t e r f ace  through the low-Z
mater ia l ; the electron f l u x  is e n t i r e ly  directed in
the photon d i rec t ion , and the  r e f l ec t i on  c o e f f i c i e n t
of the high-Z mate r ia l  is u n i t y .  In such case the
in t e r f a c e  dose would be double the  equ i l ib r ium dose.

We now summarize the procedure for  obtain-
ing an upper bound estimate of the dose enhancement.
Consider an interface between two materials. Let

material 1 be the higher—Z material and material 2

be the  lower-Z mater ia l . We are concerned w i t h  dose
enhancement in the lower-Z mate r ia l . To determine
whether the region of concern lies in the transition

zone we obtain an upper bound on the width w of

the transition zone:

w < re(hv a ) (1)

where re(hvmax) is the range of an elect ron w i t h  energy
equal t o the maximum photon energy .

For low energy photons (hv < 500 keV ) the
upper bound on the relative dose Dr (ratio of interface

dose to equilibrium dose in material 2) is

D < 
K1 (2)
K2

14
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where K1 is the kerma (equilibrium dose) in material 1
and K2 is the kerma in material 2. For high energy

photons (hv > 500 keV) the upper bound on the relative

dose is

D < 2 (3)

(When ob ta in ing  an upper bound estimate for the dose
enhancement in a structure irradiated by high energy

photons , one must be carefu l  to take in to  account the
lower energy photons produced through scattering in

materials positioned between the source and the inter-

face. The low energy , scattered photons can produce

significant dose enhancement at the interface as shown ,

for example , in Reference 5.)

If th i s  bounding procedure indicates  (1) the
region of concern lies within the transition zone , and

(2) a dose enhancement as great as the  upper bound esti-
mate would constitute a problem , then more careful

analysis  of the dose enhancement is required us ing
one or more of the techniques discussed in the follow-

ing section .

2.3 PREDICTION TECHNIQ[TFS

A number of techniques have been developed

for the prediction of dose enhancement at x—ray and

y—ray irradiated interfaces : Monte Carlo computer

• codes , analytical approximations , and empirical

~ W. L. Chadsey , “Monte Carlo Analysis of X-Ray and
y—Ray Transition Zone Dose and Photo-.Compton Current ,”
“AFCRL Report TR—73—0572 (1973).
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approximations. These techniques are discussed in the

following paragraphs.

2.3 .1 .  Compila t ions  of Computat ional  Data

The most s traigh t fo rward  method of p red ic t ing
dose enhancement is to refer to one of several compila-

tions of computational data .  These data , appearing .
~~

for example in references 2 , 4, 5, and 6 and in Section 3

of t h i s  report , have been calculated using Monte Carlo
1codes , in pa r t i cu la r  the  POEM code . While  there

is high confidence in these calculations , t he number of
cases treated in these compilations is necessarily limited .

The report , “X—Ra y Dose Enhancement , 2 ” presents
calculations of’ the dose enhancement in silicon near

gold and in polyethylene near gold for  a set of mono-
chromatic photon spectra ranging from 10 keV through

2 MeV . These calculations were performed for the case

W. L. Chadsey , “POEM ,” AFCRL Report TR—75-3034 (1975).
2 w~ L. Chadsey , J. C. Garth , R. L. Sheppard , and

IL M u r p h y ,  “X—Ra y Dose Enhancement , ” RADC Report
TR—76-159 (1976).

~ For example , E. Storm and TI. I. Israel , “Photon Cross
Sections from 0.001 to 100 MeV fo r  Elements 1 through
100 , ” LASL Report LA—3753 ( 1967).

‘4 W. L.  Chadsey and C. W. Wilson , “X—Rav Photoemission ,”
J-IDL Report CR— 75— 138- l  (1975) .

~ W. L.  Chadsey , “Monte  Carlo Ana ly s i s  of X-Ray and
y—Ray Transition Zone Dose and Photo-Compton Current ,”
AFCRL Report  TR—73—0572 (1973).

6 W. L.  Chadsey , B. L.  T3e ers , V.  W.  Pi ne , D. J .  S t r i c k l a n d
and C. W. Wilson , “X-Ray Photoemission; X-Ray Dose
Enhancement” RADC Report TR—77—253 (1977).
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of equilibrium thickness of gold , i.e. gold layer thick-

ness equal to the maximum electron range in gold. For

gold thicknesses greater than or equal to the equilibrium

thickness , the results presented are independent of

• thickness. For thinner layers of gold , which produce

less dose enhancement (the equilibrium thickness provides

• the worst case), Monte Carlo calculations are required

to accurately predict the dose enhancement . (Some

results for thin gold layers are presented in Section 3

of this report.)

The calcula t ions  presented in “X—Ray Dose
Enhancement” are limited to the case of photon incidence

normal to the interface . For low energy photons ,

hv < 400 keV , the results are i resented for normal

incidence through the gold — which case produces the

maximum dose enhancement . For oblique photon incidence ,

the dose enhancement scales to good approximation as

the vacuum electron emission y ie ld  from gold.  (The
electron emission yield from gold versus photon angle of

incidence is presented in the report , “X-Ray Photoemission : ” 4

as shown therein the yield , and therefore the dose

enhancement , are only  weakly  dependent on the photon

angle of incidence.) For high photon energies ,

hv > 400 keV , the results are presented for both

photon incidence through the low-Z material , which case

produces the maximum dose enhancement , and photon

incidence through the gold , which case produces the

least dose enhancement (or the maximum dose reduction.)

‘4 W. L. Chadsey and C. W . Wilson , “X—Ray Photoemission , ”
HDL Report CR-75-138-1 (1975).
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For these photon energies the dose enhancement is

strongly dependent on the photon angle of incidence;

therefore , Monte Carlo calculations are required to

accurately predict the dose enhancement for the case of

oblique photon incidence . (Remember , however , that the

worst-case enhancement is less than a factor of two.)

In Section 3 of this report we present

additional computational data. Included in this

compi l a t i on  are resu l t s  fo r

• continuous photon spectra
( f i l tered , b lack  body x — r a y  spec t ra )

• t h i n  gold layers

• additional interface configurations —

copper/ s i l i con
a l u m i n u m/p o l y e t h y l e n e
coppe r / p o l y e t h y l e n e
silv e r/ p o l y e t h y l e n e

2.3.2 Empirical Approximation

Burke and Garth 7 ha ve developed an empir ica l
algo r i thm for  the  p red ic t ion  of the  x—ray  dose enhancement
at an interface . Herein we review the Burke and Garth

model , m o d i f y  the model to include the e lec t ron  r e f l e c t i o n
contribution to the interface dose , and further simplify

the model to obtain a very simple , but reasonably accurate

model for predicting the interface dose .

Consider a planar interface between two r.’iaterials:

let material 1 be the high— Z material and material 2 be

~ E .  A .  Burke and J .  C.  G a r t h , IEEE T rans .  Nuc . S d . ,
NS— 23, No.  6 , 1838 (197 6 ) .
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the low—Z m a t e r i a l .  We want  to predict  the dose enhance-
ment in the low—Z m a t e r i a l .  We consider two con t r ibu t ions
to the dose enhancement : tha t  by electrons arising in
material 1 (the emission contribution) and that by electrons

ar i s ing  in ma te r i a l  2 ( t h e  r e f l ec t i on  c o n t r i b u t i o n ) .  Let
u 1(hv ) be the photon in t e rac t ion  cross section in mate r ia l  1
for producing n~ electrons of initial energy E1. The

index i represents the interactions: K—photoelectric ,

L—photoe lec t r i c , M—photoe l ec t r i c , . . . ,  K—A uger , L—A uger ,
M -Auger Let u eni (l1

~~ 
and 

~en2~
1
~~~ 

be the equ i l i b r ium
energy absorpt ion cross—sect ions  (kerma ) in mater ia l s  1

- I and 2, respectively. Let R1(E~ ) and R2(E~ ) be the electron

ranges (csda) in materials 1 and 2 , r e spec t ive ly ;  and let
and t~2 

be the e lec t ron  r e f l e c t i o n  c o e f f i c i e n t s  ( d i f fu s e
ba c k s c a t t e r )  in m a t e r i a l s  1 and 2 , r e spec t ive ly .  These
symbol d e f i n i t i o n s  and t he i r  u n i t s  are summarized in Table 1.

We follow the development by Burke to obtain an

express ion for  the  r e l a t i ve  dose ( r a t i o  of i n t e r f a c e  dose
to e q u i l i b r i u m  dose) in mate r ia l  2 due to electron emiss ion
f rom m a t e r i a l  1. Ass ume tha t  the  e lectron f luence  in the
bulk  regions  of m a t e r i a l s  1 and 2 is isotropic  and t h a t  the
reflection coefficients are independent of energy ; then the

interface fluence of electrons arising in material 1, per

unit photon fluence is

= 1 ~~~~~~~~~~~~~ E i 1 i u ~~( h ~~)R l ( E . )
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The interface dose D1 due to electrons arising in material 1

is the product of the differential electron fluence and the
electron stopping power , integrated over electron energy

f d q lD1 =J -
~~~~

- S2 ( E )d E ( 5 )

Using equations (4) and (5) we obtain the approximation

1 
(l_

~ 1
)(1+

~2
) R1(E

~
)

D1 
= 1_

~
3l~

32 
E n .~i~~( h v ) R ( E ) E .  ( 6 )

The re la t ive  dose due to electron emission f rom mater ial  1
is then

= 

~en2~~

- ~ 
( 1_

~~1
)( 1+

~ 2 ) ~i . ( h ~~) R1(E~~) 
~! ( 7 )

— 

2 (1_
~ 1~

32) i iii 2(hv ) R2(E1) hv

This is the same expression as obta ined by Burke . We now
further simplify this expression . Over the energy range of

concern here , the ratio of electron ranges R1(Et )/R2(E~
)

is approximately independent of energy . Let R1/ R2 be
the effective ratio ; then we may rewrite equation (7):

— 
1 

(1_
~ 1

)(l+
~ 2) R1~~~

h i P i~~~~~
E i 

( 8 )D 1 
— 

2 (1_6
1~ 2
) 

~~
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The expression ~~ n1ji 1(h~ )E 1 in equation (8)
is the total energy impart~ d to electrons in material 1 per

unit photon f’luence. By definition this is the kerma , the

equilibrium dose per unit fluence , which is the product of

the energy absorption cross section and the photon energy

~en1~~~~~~ 
(10)

Substituting (10) into equation (9) we obtain

D = ~ 
(l_1

~1
)(1+I32) ‘~Hi. ~~~~~~~~~ (11)

ri 2 1_13
1~
32 

H
2

This is a very simple expression : the ratio of the equili-

brium doses modified by the ratio of electron ranges and

a function of the reflection coefficients.

Now consider the contribution to the interface dose

due to electrons arising in material 2. We follow the same

procedure as in equations (4) through (11), but for energy

deposition in mate r ia l  2 for  electrons arising in material 2.
We obtain an expression similar to equation (11), but with the

reflection coefficients and 
~2 

interchanged (the electrons

are starting out on the opposite side of the interface )

and with R1 and ~enl 
replaced by R2 and 

~en2 ’ respect ively
(the electrons are starting in material 2 and depos i t ing  energy
in material 2). The expression for this contribution to the

relative dose is thus simply

D — 
1 (1~~ 1)(1 2) (12)

r2 2 l_ 1
~1

132
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Summing the two contributions , equations (10)

and (11), we obtain the total relative dose

R ii (h~~)Dr 
= f 2 ,~~1 f 1~~ 2 ) ~~ (13)

2 en 2

where the f u n c t i o n  f is defined

— 

(1_
~~l

)(1+
~ 2)

— 2(l_
~ l~ 2 ) 

(14 )

For e v a l u a t i n g  e q u a t i o n  (13) to obtain the interface
dose , the energy absorption cross sections are readil y obtain-

able from photon cross section computations , for example ,

reference 2. The ratio of electron ranges can be obtained

from a range tabulation , for examp le , reference 8. The

electron reflection coefficients are available in data

compilations , for example , reference 9, or can be obtained

by using Burke ’ s fit 1° to Darlington ’s data:9

0.475Z°~~
77 

- 0.40, for 4~Z~92 (15)

where Z is the material atomic number .

2 

~ L . Chadsey , J . C . Garth , H. L. Sheppard , and R. Murphy ,
“X-Ray Dose Enhancement , ’ RADC Report TR—76—159 (1976).

~ H. J. Berger and S. H. Seltzer , “Studies in Penetration of
Charged Particles in Matter ,” National Academy of Sciences -
N a t i o nal  Research Counc i l  P u b l .  No.  1133.
E.  I I .  D a r l i n g t o n , J .  P h y s .  D :  A p p l .  P hy s .  8 , 85 (1975).

‘ °  F . A . Burke , IEEE Trans . Nuc . Sci., NS—24, No.  6 , 2505 (1977).
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To test t h i s  s imple  emp i r i c a l  model we made compari-

sons to the POEM code c a l c u l a t i o n s  of dose enhancement  at

a gold/ s i l icon i n t e r f a c e  publ i shed  in re fe rence  2.  For
these comparisons we used 

~Au = 0 .50 ,  
~~~ 

= 0.18, and

RA /R~,i 
= 2.0. We obtained the results shown in Figure 2.

The agreement between the empirical model and the ~1onte

Carlo calculations is quite reasonable: above 100 keV

and below 20 keV the agreement is to within 20~~, approximately

within the standard deviation of the Monte Carlo calculation ;

between 20 keV and 100 keV there is some disagreement , but

the maximum discrepancy is less than 50 percent . Shown in

Figure 3 is a comparison of’ the predictions of the simple

model with POEM code calculations of the dose enhancement

at a copper/polyethy lene interface. Here the agreement is

remarkably good , everywhere to within a few percent . This

simple empirical model , we conclude , is quite adequate for

estimating the interface dose.

The empirical model thus far developed predicts

P only the dose immediately at the interface . It is also of

interest , however , to predict the dose as a function of

distance from the interface . This can be done with the

empirical model provided that an additional simplifying

approximation is made , that the dose profile produced by each

of the electron source types (K—photoelectron , L-photoelectron ,

K—Auger electron , and so on) can be represented by a simple

exponential of the form a exp (-bx). Using this approximation

we obtain an expression for the relative dose profile in

mater ia l  2 near the i n t e r f a c e  w i t h  ma te r i a l  1

D
r

(X )  = D E a~~e
_ ’

~iX (16 )

2 W. L. Chadsey, J. C. Garth , R. L. Sheppard , and R. Murphy ,
“X—Ray Dose Enhancement , ” RADC Report  TR—7 6— 159 (1976) .
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where Dro is the interface dose obtained from equation (13)
and a1 is the fractional contribution to the equilibrium

dose in mate r ial  1 due to electrons produced in the i-th
electron production interaction :

n . u . ( h v ) E .
a~ = 

En .~~. ( h v ) E . 
(17)

j  3 3  3

The c o e f f i c i ent b~ is given by the ratio of the interface
dose to the interface fluence ; Burke and Garth obtain

b = 2at~: 
1+

~
32 1 (18)

i m 1_13
2 R2(E.)

where m is the coefficient in the power function approxi-

mation to the csda electron range in material 1

R1(E 1) = K E 1
rn (l~- ) )

The coefficient m in equation (19) is a slowly vary ing
f u n c t i o n  of atomic number , m = 1.65 ± 0.10, so we may to

good approximat ion express the c o e f f i c i e n t  b 1 by

1+
~2 1 I”)

b = 321I 1_13
2 
R2(E1)

Following Burke ’s procedure we use the empirical formula

for the normal electron reflection coefficient in evaluating

equation (20)
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13 = 0.186Z°’318 — 0.25 (21)

rather  than the d i f f u s e  r e f l ect ion  coefficient equation (15).
No te tha t  equat ions (16 , 17 and 20) are equiva lent  to the
expressions developed by Burke and Garth7 but are in a

simpler form .

The a.  c o e f f i c i e n t s  in equation (16 ) represent
the relative magnitudes of the source contributions to the

i n t e r f a c e  dose . Shown in Table 2 are expressions for the
a. c o e f f i c i e n t s .  Shown in Table 3 are sample calculations
of the a1 c o e f f i c i e nts for  electrons a r i s ing  in gold for
several photon energies. Note that just above the K—absorption

edge , hv = 85 and 100 keV that strong contributions to

the i n t e r f a c e  dose arise from L-Auger and M-Auger electrons
as well as K—photoelectrons , L—photoelectrons , and K—Auger

electrons .  Because of the short ranges of the low energy
L—Auger and M—Auger electrons (less than about 1 ~im ifl

silic o n ) ,  they con t r ibu te  to the dose only very near the
in t e r f ace . Fur ther  f rom the i n t e r f a c e  the  dose is dominated
by the contributions of the higher energy photoelectrons.

For photon energies much greater than the K—absorption edge ,

the dose p r o f i l e  is dominated by K—photoe lec t ron  and
L—photoelectron contributions.

The exponential approximation to the dose profile

in equation (16) is not extremely accurate (in fitting

Monte Carlo calculations of dose profiles we found it

~ E. A. Burke and J. C. Garth , IEEE Trans. Nuc . Sci. . NS-23 ,
No. 6, 1838 (1976).
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necessary to use expressions of the form a exp (bx+cx2+dx3)

to obtain accurate fits2), but based on results obtained
7 11 -by Burke and Garth and by Dellum and MacCallum i t  appears

that  the model is quite adequate for  e s t ima t ing  the dose
profile. As a check we compare the predictions of the simple

model with POEM Monte Carlo calculations of the relative

dose profile in silicon near gold for 100 keV photons in

Figure 4, the agreement is seen to be good .

The empirical model assumes an isotropic distribu-

tion for the electron fluence in the bulk regions of the

materials. This is a good approximation for photoelectrons

and Auger electrons , but a poor approximation for Compton

electrons. The model is thus limited to x-ray spectra for

which the photon interaction cross section is dominated by
the photoelectric effect; for high—Z/low—Z interfaces this

limits the model to photon energies h’~ ~~. 400 keV . This is

the region in which the  dose enhancement e f f e c t  is greates t .
For photon energies about this energy , a Monte Carlo calcula-
t ion  is probably required to obta in  an accurate predic t ion
of interface dose . Remember , though , t ha t  the  maximum dose
enhancement in this energy range is less than a factor of two .

The empirical model assumes equilibrium thicknesses

for the high—Z and low—Z materials. The model is therefore

limited to material thicknesses less than the maximum electron

range ; for thinner materials Monte Carlo calculations are

2 w~ L. Chadsey , J. C. Garth , R. L. Sheppard , and R. Murphy ,
“X—Ray Dose Enhancement ,” RADC Report TR-76—159 (1976).

~ F. A. Burke and J. C. Garth , IEEE Trans. Nuc . S d .  , NS-23,
No. 6, 1838 (1976).

‘‘ T. A. Dellin and C. J. MacCallum , IEEE Trans. Nuc. Sci .,
NS— 23, No. 6 , 1844 (1976 ) -
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probably required. (In section 3 of this report we present
Monte Carlo results for thin materials.)

2.3.3 Analytical Approximation

Dellin and MacCallumU~ have developed an analytical

approximation for the prediction of the dose profile at an

interface . The method is the extension of their earlier

analytical approximations to the bulk photo—Compton current

and vacuum emission current . A P1 approximation to the

Boltzman equation is solved to obtain the dose , energy

fluence and charge fluence at the material interface . The

dose profile is then calculated using the same exponential

approximation as used in the empirical model discussed above .

This analytical approximation method was developed

by Dellim and MacCallum into the QUICKE4 computer code .

Calculations were performed and comparisons made with POEM

and SANDYL Monte Carlo codes obtaining generall y good

agreement . To our knowledge the QUICKE4 computer code has

not as yet been released to the community.

2.3.4 ~-Ionte Carlo Calculation

The most rigorous method of prediction of the dose

enhancement is calculation with a Monte Carlo electron trans-

port code . While Monte Carlo codes produce results subject

to statistical uncertainty and are expensive in terms of

computer time , the codes are exact from a physical stand-

point and are applicable to arbitrary geometric and material

‘1 T. A. Dellin and C. J . MacCallum , IEEE Trans. Nuc . Sci.
NS—23, No. 6, 1844 (1976).
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configurations. In particular , the Monte Carlo codes are

applicable to the prediction of dose enhancement for cases

of thin layers , multiple layers , or multiple dimensional

con f igu ra t i ons .  Furthermore , the cost of a set of Monte
Carlo calculations is small compared with the cost of

developing an analytical prediction technique , and the Monte

Carlo predictions can be used with high confidence based

on extensive validation of the codes.

Monte Carlo codes calculate the transition zone

dose in a two step process : (1) The electron source

distribution in the neighborhood of the material interface

is calculated , generally using an analytical formulation —

the source distribution is comprised of photoelectrons ,

Auger electrons , Compton electrons , and for high photon

energies electron—position pairs ; (2) the electron trans-

port is calculated in the neighborhood of the interface to

obtain the energy deposition using a Monte Carlo formulation.

A number of available Monte Carlo electron trans-

port codes are applicable to the calculation of dose enhance-

ment . Most of these codes are decendents of the ETRAN

code developed by Berger and Sel tzer . ’2 The two most
1 13commonly used codes are POEM and SANDYL

POEM is a special purpose , fas t  r u n n i n g  Monte
Carlo electron transport code with versions specificall y

1 w~ L. Chadsey , “POEM , ” AFCRL Report TR-75-3034 (1975).

12  M. J. Berger and S. M.  Seltzer , “Electron and Photon
Transport Programs ,” NBS Reports 9836-9837.

1 3  n M. Colbert , “SANDYL ,” Sandia Laboratories Report
SLL—74—0012 (1974).
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designed for the calculation of dose enhancement. There are

two versions for th is  puppose : One for  the  calculat ion of
the transition zone dose profile at a single planar inter-
face between two materials; the other version calculates

the dose profile in a stack of up to 20 slabs of materials.

The materials may be any homogeneous material of a composi—

t ion of up to ten elements. The elements may be any of

those with atomic number Z 1 through 83, 86, 90, 92 and

94. The photon spectrum can be (1) monochromatic , (2 )  black-

body spectrum , or (3) a rb i t r a ry  spectrum defined over up
to 120 photon energy groups. The photon spectral range of

applicability of the code is approximately 5 keV through

2 meV . The lower l imi t  is im posed by the 1 keV cutoff on

the electron t ranspor t . The upper limit is imposed by the

exclusion of pair production in the electron source calcula-

tion . The code assumes plane wave photon irradiation .

The angle of incidence is arbitrary .

While  the POEM code versions for  the ca lcula t ion

of’ dose enhancement are one—dimensional , i.e. they treat

sl ab geometry configurations , this limitation is generally

not serious . So long as the minimum radius of curvature of

the material inteface and the lateral dimensions of the

configurations are large compared with the maximum electron

range , then a configuration can be accurately represented

as one—dimensional in the transport calculation.

By developing versions of the POEM code specifi-
cally designed for the calculation of dose enhancement , it

was possible to obta in  a h igh  level of op t imiza t ion  and
incorporate several variance reduction techniques . Con-

sequently, POEM is a fast running Monte Carlo code . Our

experience shows POEM to be about a factor of 20 faster
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than general purpose Monte Carlo codes such as SANDYL .

A typical calculation using 10,000 electron histories to

obtain a 5 percent statistical error requires about 15 CPU

seconds execution time on a CDC 7600 computer .

The POEM code calculations of dose enhancement

we believe to be accurate to within about 25 percent . This

is based on limited comparisons with experimental data for

dose enhancement5 and more extensive comparisons for

x—ray photoemission .4 Inter—code comparisons are also use-

ful here : Published comparisons of SANDYL calculations with

POEM calculations show agreement to within about 25 percent .11

The POEM code is available through the DASIAC

code library (GE/TEMPO); in order to obtain the code written

approval must be obtained from the Defense Nuclear Agency

(DNAJRAEV). User ’s instructions for the POEM code are

published in reference 1.

In order to obtain speed of computation , generality

was necessarily sacrificed in developing the versions of

POEM for predicting dose enhancement. If a dose enhancement

problem requires a multidimensional calculation or predic-

tion for photon energies much greater than 2 MeV , then a

1 
~ L. Chadsev , “POEM , ” AFCRL Report TR—75-203--I (1975).

IV . L . Chadsey and C. IV . Wilson , “X—Ra y Photoemission , ”
IIDL Report CR—75— 138—1 (1975).

~ W . L. Chadsey , “Monte Carlo Anal ysis of X-Ray and ‘y— R a
Transition Zone Dose and Photo-Compton Current , ” AFCRL
Report TR-73—0572 (1973).

‘ ‘  T. A . Dellim and C. J. MacCallu , IEEE Trans. Nuc. Sci.
NS—23, No . 6, 1844 (1976).
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more general  purpose Monte Carlo t ranspor t  code ~s requi red .
SANDYL is a general  purpose code which  is appl icable  to the
calculation of dose for arbitrary three—dimensional configura-

tions for photon energies from about 5 keV up through 10 GeV .

The SANDYL code is available through the Sandia Corporation .

User ’s instructions to the SANDYL cose are published in

Reference 13.

1 3  
~ M. Colbert , “SANDYL ,” Sandia Laboratories Report
SLL—74—0012 (1974).
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Section 3

MONTE CARLO CA LCULA T IONS OF
DOSE ENHANCEMENT

In a previous report on x—ray dose enhancement2

we published results of Monte Carlo calculations of dose

p rof i les  in si l icon near gold and in polyethylene near

gold for  photon energies in the range 10 keV to 2 meV .
The gold/silicon interface was selected because of its

occurance in electronic devices; the gold/polyethylene

in te r face  was selected because it represents a practical
worst case. The calculat ions reported were l imited to these

-- two i n t e r f ace  conf igura t ions ; they were also l imited to the
cases of monochromatic photon spectra and th ick gold layers.
There is of course interest in other cases ; below we

investigate dose enhancement for other interface configura-

tions , continuous x-ray spectra , and thin gold layers.

3. 1 DOSE ENHANCEMENT AT METAL/POLYETHYLENE INTERFACES

Previously we reported calcula t ions  of dose
enhancement in polyethylene (CH2, effective Z < 6) near

gold (Z = 79); this is a practical worst—case mismatch

in atomic number; we therefore expect a practical worst-case

dose enhancement for Au/C}12. A convenient set of calcula-

tions to inves t iga te  the dose enhancement e f f e c t  on atomic

2 W. L. Chadsey, J. C. Garth , R. L. Sheppard , and
R. Murphy , “X—Ray Dose Enhancement ,” RADC Report
TR—76—159 (1976).
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number are the in ter faces  A2~( Z=B) / CH 2 ,  Cu ( Z=29) / CH 2 ,
Ag( Z=47)/C 112 ,  and Au/ CH 2 .  These conf igura t ions  are also of
interest  wi th  regards to the ana lys is  of rad ia t ion  e f f e c t s
on cables. Wi th  respect to dose enhancement , po lye thy lene
is representative of a broad class of low—Z dielectrics

whereas the four  metals represent aluminum , copper , and gold
conductors and silvered (or tinned) copper conductors .

Interface dose enhancement in polyethylene versus

photon energy is shown in Figure 5 for the four metals.

Shown in Figures 6 through 9 are representative dose

profiles for the four configurations .

3.2 DOSE ENHANCEMENT FOR CONTINUOUS X-RAY SPECTRA

The previously reported calculations were for

cases of monochromatic photon spectra ; this , of course ,

is the most convenient representation of spectra for

characterizing dose enhancement versus photon energy .

The radiation effects analyst , however , frequently represents

continuous x—ray spectra with the Planckian (blackbody )

distribution function . Shown in Figure 10 is the interface

dose enhancement in silicon near gold versus x-ray spectrum

blackbody temperature for the configuration shown . The

incident spectrum is attenuated through 20 mils (0.0508 cm)

of aluminum . The gold thickness is the equilibrium thick-

ness. Results are shown for both photon incidence normal

to the interface through the gold (the worst—case angle

of incidence) and photon incidence normal to the interface
• through the silicon (the least worst—case angle of incidence).

Note that the worst—case dose enhancement varies by less than

a factor of two over the spectral temperature range 2 keV

to 15 keV ; the interface dose enhancement is 10 ~ 5O~ .

Representative dose profiles are shown in Figure 11.

41 

— --
--

--
~~.-~~ -- 

~~~~~~~~ - ~~~~~~ --
~~~~~~~~~~~~- -~~~~~~T~



_____________--_ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _

1000 I

a. A2~
— f \ b . C u

( c. Ag

I / \\ d. Au
C. lOO J —

0

-4

Cl)
0

-4
F’

b c d 

—

10 100 1000

PHOTON ENERGY (key )

FIGURE 5. POEM Code Calcu la t ions  of Re l a t i ve

I n t e r f a c e  Dose in Po lye thy lene  for  Four I n t e rf a c e
Metals: Aluminum , Copper , Silver , and Gold .
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FIGURE 10. Relative Dose in Silicon at Gold

Interface : Irradiation with Blackbody X—Ray

Spectra Attenuated Through 20 Mils Aluminum .
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3.3 DOSE ENHANCEMENT FOR THIN GOLD LAYERS

The dose enhancement ca lcu la t ions  presented above
and reported previous ly  were all performed for thick gold
layers. “Thick” here means thickness greater than or equal

to the maximum electron range in gold. While this thickness

is small (less than 15 ~im fo r  photon energies  less than

100 k e V ) ,  gold metalization thicknesses in electronic

devices are often smaller than the equilibrium thickness.

It is important therefore to characterize dose enhancement 
- -

versus gold thickness. Shown in Figure 12 is the calculated

dose enhancement in silicon near gold for gold thicknesses

varying from zero to 80 ti—inches. The incident spectrum is

a continuous x—ray spectrum with a mean energy of 55 keV .

The equilibrium gold thickness for this spectrum is 14 :m

(550 1 —inches); the dose enhancement for the equilibrium

thickness is 19. Note that the dose enhancement is greater

than 15 for gold layers as thin as 1 ~m (40 ii—inches)

which is less than one-tenth of the equilibrium thickness.

This is because the mean electron penetration in gold is

less than 10 percent of the csda range at these electron

energies . The dose profiles in silicon are shown in Figure 13

for several gold layer thicknesses.
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MISSION
of

Rome Air Development Center

RAX plans and conducts research, exploratory and advanced
development programs in command, control, and conrnunications
(C3) activities, and in the C3 areas of information sciences
and intelligence. The principal technical mission areas
are comwiications, electromagnetic guidance and control ,
surveillance of ground and aerospace objects, inte’ligence
data collection and handling, information system technology,
ionospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.

S

I

Print,d by
Unit.d Stat., Air Fore.
Honscom AFB, Moss. 01731

~~ - 

- 1~ _ _ _ _ _ _


